ABSTRACT: In this work, molybdenum disulfide (MoS 2 )−modified graphene (MoS 2 /GNS) hybrids were prepared by the hydrothermal method and characterized by X-ray diffraction (XRD), Laser Raman spectroscopy (LRS) and transmission electron microscope (TEM). The characterization results show layered molybdenum disulfide was deposited on the surface of graphene nanosheets (GNSs) and grahene oxide was reduced simultaneously. Thermogravimetric analysis results of MoS 2 , GNS and MoS 2 /GNS hybrids showed that incorporation of MoS 2 increased the thermal oxidation resistance of the graphene evidently. Compared to pure epoxy resins (EP), the addition of MoS 2 /GNS hybrids into EP enhanced the onset thermal degradation temperature (T onset ) with an 53°C increment under air atmosphere and an 18°C increment under nitrogen atmosphere. The addition of MoS 2 /GNS hybrids endows excellent flame retardant properties to EP, confirmed by the dramatically reduced peak heat release rate value and total heat release value. Moreover, the addition of MoS 2 /GNS hybrids dramatically decreased the smoke products.
INTRODUCTION
As a prospective category of layered material, graphene nanosheets (GNSs), have been broadly researched in numerous domains such as conductive materials, 1 energy devices, 2, 3 sensors, 4 polymer nanocomposites, 5 because of the peculiar structure, superior electrical conductivity, excellent thermal and mechanical performances. In recent years, GNSs have given rise to continuous attention in fire safety.
6−10 Kim et al. 11 have demonstrated that graphene is actually thermal stability, even exposed to a fire, distinctly declaring that it has highly essential fire resistance. Nevertheless, high loading of bare graphene is required to achieve good flame retardant properties. Therefore, to improve flame retardant efficiency of bare graphene seems to be an appealing and challenging work. In our previous work, functionalizing graphene with polyhedral oligomeric silsesquioxan (OapPOSS) 12 and loading transition metal oxides, 13 layered double hydroxides (LDHs), 14 etc. on the surface of graphene are two valid way to improve flame retardant efficiency of graphene.
At the same time, the specific two dimension (2D) structure of graphene also has aroused much interest on 2D layered materials. As one of the most potential layered materials, molybdenum disulfide (MoS 2 ) has the homologous structure of GNS, which is comprised of three stacked atom layers (S− Mo−S) associated by van der Waals forces 15 and has attracted more and more attention from various fields such as transistors, 16 catalysts, 17 composites. 18 Over the past few years, researchers have begun to study the application of MoS 2 in fire safety. Zhou et al. 19 have confirmed that MoS 2 can improve flame retardant properties of poly(vinyl alcohol) (PVA). Furthermore, Matusinovic et al. 20 have shown the addition of 10 wt % MoS 2 into polystyrene and poly(methyl methacrylate) can lead to a significant reduction in their peak heat release rate (PHRR) as well.
Epoxy is a thermoset resin applied in numerous industries, such as coating, binder, and composite materials, due to its excellent mechanical and chemical properties. However, fire hazards exist in the application of EP, because of its inflammability. Due to the remarkable barrier effect of GNSs, GNSs could effectively inhibit the heat release and pyrolysis products during the combustion of epoxy. 21−24 Nevertheless, the oxidation of GNSs at high temperature would fade the barrier effect. Thus, it is a serious subject to improve thermal oxidative resistance of GNSs. Surface modification of GNSs with layered compounds is a valid way to inhibit oxygen from accessing GNSs. 2D layered MoS 2 is a good choice, and MoO 3 obtained by the oxidation of MoS 2 is a highly efficient smoke suppressant. Furthermore, there are few reports about the influence of MoS 2 on fire behavior of epoxy until now. So, it would be an interesting and meaningful work to investigate the influence of MoS 2 on fire behavior of epoxy.
In our present work, layered MoS 2 /GNS hybrids were synthesized by the hydrothermal method and MoS 2 /GNS/ epoxy (MoS 2 /GNS/EP) composites were prepared by a simple blend under ultrasonic agitation. Synergistic effect between MoS 2 and GNS on thermal stability and fire hazards was investigated by thermogravimetric analysis (TGA), microcombustion calorimeter (MCC), and cone calorimeter. Moreover, the flame retardant mechanism was studied by the analysis of char residue after the cone calorimeter test. 25 Layered MoS 2 /GNS hybrids were synthesized via a tradition hydrothermal method, as shown in Scheme 1a. In a typical procedure, Na 2 MoO 4 ·2H 2 O (0.3 g) and thiourea (0.8 g) were dissolved in 400 mL of distilled water, and then 100 mg of the as-prepared GO was added into the solution. The blend was stirred under ultrasound to get a homogeneous solution. Subsequently, the above homogeneous solution was transferred into a 500 mL Teflon-lined autoclave and held at 200°C for 24 h. After that, the autoclave was put to cool to indoor temperature, and the generated samples were separated by centrifugation, washed with distilled water and ethanol, and then dried at 80°C for 12 h.
Preparation of MoS 2 /GNS/epoxy (MoS 2 /GNS/EP)
Composites. MoS 2 / GNS/EP composites were prepared using a simple blend under ultrasonic agitation, as displayed in Scheme 1b. In brief, the preparation of epoxy composite with 2 wt % MoS 2 /GNS hybrids was operated as follows: the blends of liquid epoxy resins (8.2 g) and MoS 2 /GNS (0.2 g) were stirred and ultrasonicated at 70°C. Then, powdered DDM (1.6 g) was added to the blend above and stirred till the intermixtures were obtained. Subsequently, the composites were cured at 100°C for 2 h and post cured at 150°C for 2 h. After curing, the composites were cooled to room temperature. Pure EP, MoS 2 / EP, and GNS/EP composites were prepared via the same procedure.
2.4. Characterization. X-ray diffraction (XRD) measurements were implemented on a Japan Rigaku D Max-Ra rotating anode X-ray diffractometer equipped with a Cu-Kα tube and Ni filter (λ = 0.1542 nm). The scanning rate was 4°/min, and the range was 10−70°.
Laser Raman spectroscopy (LRS) measurements were carried out at room temperature with a SPEX-1403 laser Raman spectrometer (SPEX Co., U.S.A.) with excitation provided in backscattering geometry by a 514.5 nm argon laser line.
The morphology and structure of MoS 2 /GNS were studied by transmission electron microscopy (TEM, JEM-2100F, Japan Electron Optics Laboratory Co., LTD, Japan) with an accelerating voltage of 200 kV. MoS 2 /GNS hybrids were dispersed in deionized water with ultrasonication and then dripped onto copper grids before observation.
Thermal gravimetric analysis (TGA) of samples was carried out using a Q5000 IR (TA Instruments) thermal analyzer from room temperature to 700°C at a heating rating of 20°C/min.
A micro-combustion calorimeter (MCC, GOVMARK) was used to evaluate the combustion properties of the samples according to ASTM D 7309-07. Samples of 4−6 mg were heated in nitrogen atmosphere at a constant heating rate 1°C/s from room temperature to 650°C. The decomposition products were mixed with 20 mL/min oxygen and then burned in the combustion furnace at 900°C.
Fire hazards, including PHRR (peak heat release rate), THR (total heat release), TSR (total smoke release), and SPR (smoke production rate), of samples were performed on a cone calorimeter (Fire Testing Technology, U.K.) according to ASTM E1354/ISO 5660. Each sample (100 × 100 × 3 mm 3 ) was wrapped in an aluminum foil and exposed horizontally to a 35 kW/m 2 external heat flux. Scanning electron microscopy (SEM) pictures of the samples were taken employing a DXS-10 scanning electron microscope (Shanghai Electron Optical Technology Institute). The sample was placed on the copper plate and then coated with gold/ palladium alloy ready for imaging. MoS 2 on the surface of GNS. 22 Besides, no excess peaks have been shown, so ensuring the lack of contaminant phases. Figure 2 shows the Raman spectrum of the as-prepared MoS 2 , GNS and MoS2/GNS hybrids. Two obvious Raman featured peaks at 406 and 383 cm −1 for the MoS 2 nanosheets can be observed, which arise from the A 1g and E 2g modes, respectively. 26 Furthermore, the peaks about 1370 and 1600 cm −1 are in charge of the D and G bands of the GNS, respectively. The G band is mainly associated with the in-plane bond stretching of pairs of sp 2 C atoms, while the D mode is attributed to defects or lattice distortion. 27 The morphology and microstructure of MoS 2 /GNS hybrids are displayed in Figure 3 . As can be observed from Figure 3a , GNS reveals a typically flat nanosheet shape which is a few hundred nanometers size. Parts b and c of Figure 3 show TEM images of the hybrids, which show a classical wrinkled and ripped morphology. The high-resolution TEM image ( Figure  3d ) reveals that layered MoS 2 nanosheets of a few layers with an interlayer distance of 0.62 nm are covered on the surface of the GNS, suggesting that the MoS 2 /GNS hybrids have been successfully synthesized and a few layered GNS with few layers and an interlayer distance of 0.34 nm exist, consistent with the existence of a very weak diffraction peak (∼2θ = 26.0°) of GNS.
The effect of MoS 2 on the thermal oxidative resistance of graphene was studied by thermogravimetric analysis (TGA). Figure 4 shows TGA results of GNS, MoS 2 and MoS 2 /GNS hybrids performed under air at a heating rate of 20°C·min −1 . Pristine GNS displays a continuous mass loss, which could be ascribed to the volatilization of adsorbed water and then the oxidation of graphene. MoS 2 shows a three-stage thermogravimetric curves corresponding to the evaporation of physisorbed water (from room temperature to 300°C), the loss of chemisorbed water (300−400°C), and the oxidation of MoS 2 to molybdenum oxide and sulfur dioxide (400−450°C), respectively. In contrast, the resultant MoS 2 /GNS hybrids demonstrate a similar thermogravimetric curve to pure GNS. The earlier temperature of the maximum mass loss rate is attributed to the oxidation of MoS 2 on the surface of GNS and the residue percentage of MoS 2 /GNS hybrids do not change hardly from 500°C, suggesting MoS 2 inhibits oxidation of underlying GNS. Moreover, the residual percentage of the MoS 2 /GNS hybrids is much higher than that of graphene, suggesting that the modification of MoS 2 on the surface of GNS obviously enhances the thermal oxidative resistance of graphene.
3.2. Thermal Degradation of Composites. Thermogravimetric analysis is an important method to estimate thermal behavior for polymer materials. Because air content of combustion surface is different from that of combustion interior, thermal degradation of surface materials differs from that of internal materials. TG and DTG cures under nitrogen (N 2 ) atmosphere display thermal degradation of pure EP and its composites interior during combustion, whereas TG and DTG profiles under air atmosphere show thermal degradation of pure EP and its composites surface during combustion, as can be observed in Figure 5 .
3.2.1. Thermal Degradation under N 2 Atmosphere. Parts a and c of Figure 5 show TG/DTG profiles for EP and its composites as a function of temperature under N 2 atmosphere. The definition of the onset degradation temperature (T onset ) and the maximum degradation temperature(T max ) are the temperature at which the mass loss are 5% and maximum, respectively. The oxidation of GNS or MoS 2 would not occur under N 2 atmosphere, indicating that barrier effect of GNS or MoS 2 would play the most important role on thermal degradation of composites. After incorporating GNS or MoS 2 into epoxy, their T onset show a slight increase compared with pure EP, ascribed to that the barrier effect of layered GNS or MoS 2 inhibit the release of the decomposition products. When graphene is modified with MoS 2 , the MoS 2 /GNS/EP composites have the best thermal stability on T onset with an 18°C increment. Furthermore, char yields for GNS/EP and MoS 2 /EP composites are higher than that for pure EP, demonstrating that the barrier effect of GNS and MoS 2 to inhibit the mass loss would promote catalytic carbonization of epoxy. Additionally, DTG curves show that the maximum mass loss rate of the MoS 2 /GNS/EP composites is the lowest, suggesting that MoS 2 and GNS have a synergistic effect on the physical barrier to prevent the weight loss of the matrix.
3.2.2. Thermal Degradation under Air Atmosphere. As can be observed in Figure 5d , the thermal degradation process of pristine epoxy and its composites have three steps, which are the volatilization of absorbed water, the decomposition of the macromolecular chains, and the oxidation of the residual char. In comparison with pure EP, the onset degradation temperatures of MoS 2 /EP,GNS/EP and MoS 2 /GNS/EP composites were increased. Based on the fact that the oxidation of MoS 2 or GNS does not begin at the T onset of epoxy, it is concluded that the increased T onset of MoS 2 /EP or GNS/EP composites is probably due to the "tortuous path" effect of MoS 2 or GNS, which restrains the osmosis of heat and the effusion of volatile decomposition products. 28 The interesting finding is that the T onset of MoS 2 /EP composites is higher than that of GNS/EP composites, probably on account of the high thermal conductivity of GNS which accelerates the spread of heat in the material. Furthermore, MoS 2 /GNS/EP composites display the best thermostabilization with an 53°C augment in T onset compared with pure epoxy. At the T max of epoxy, the oxidation of MoS 2 or GNS starts. Compared to that of pure EP, the maximum mass loss rate of MoS 2 /EP composites is lower, attributed to the barrier effect of unoxidized MoS 2 and smoke suppression of molybdenum trioxide (MoO 3 ), that is, oxidation products of MoS 2 . While GNS starts at the T max of epoxy, the residues of GNS is still above 90%. So, the barrier effect of GNS is mainly responsible for the lower maximum mass loss rate of GNS/EP composites. Moreover, TG profiles (Figure 5b) show the highest char residues for MoS 2 /GNS/EP composites and DTG profiles (Figure 5d ) display the lowest value for MoS 2 / GNS/EP composites with regard to the maximum mass loss rate, suggesting MoS 2 /GNS/EP composites form the most effective barrier to hinder the quality loss during the thermal degradation process. At the stage of the decomposition of the macromolecular chains, MoS 2 on the surface of GNS is first oxidized to molybdenum oxide, and then underlying GNS begins to be oxidized. The improved thermal oxidative resistance of GNS is beneficial for the barrier effect of GNS and the generated MoO 3 has highly catalytic activity for smoke suppression, which are responsible for the lowest maximum mass loss rate of MoS 2 /GNS/EP composites.
3.3. Fire Hazards Assessed by MCC. As is well-known, GNS is hoped to decrease the fire hazards of polymer materials because of its characteristic 2D carbon sheet structure. To verifying this thought, MCC was applied to describe the potential flammability performance of the epoxy composites. The heat release rate (HRR) curves of pure EP, GNS/EP, MoS 2 /EP, and MoS 2 /GNS/EP composites are shown in Figure  6 , and the relevant data are recorded in Table 1 . The incorporation of 2 wt % GNS brings about a 18.4% reduction in PHRR, compared with that of pure EP. Furthermore, the addition of MoS 2 /GNS hybrids leads to the lowest PHRR value with almost a 31.7% reduction. As well, the addition of 2 wt % MoS 2 /GNS hybrids results in the lowest total heat release. The decline of PHRR and THR could be explained by thermal behaviors of pure EP and its composites in Figure 5a and c. The PHRR values of pure EP, MoS 2 /EP, GNS/EP, and MoS 2 / GNS/EP composites successively decrease, according with the successively decreased trend of their maximum mass loss rates in Figure 5c . It is generally accepted that the lower the maximum mass loss rate causes the lower the maximum release of decomposition products to burn, indicating that PHRR values would be lower. The lower THR values of GNS/EP, MoS 2 /EP, and MoS 2 /GNS/EP composites could be interpreted by catalytic carbonization of flame retardants. The higher char residues of GNS/EP, MoS 2 /EP, and MoS 2 /GNS/ EP composites in Figure 5a confirm the existence of catalytic carbonization. Based on the above results and analyses, it is inferred that the mechanism of MoS 2 /GNS in decreasing the flammability of EP is possibly put down to the creation of a barrier effect on the surface of the polymers, which could reduce the exchange of heat and mass between gas and condensed phases and protect the nether material from further combustion. However, the temperatures of PHRR for epoxy composites transfer to an earlier stage compare to pure EP, indicating the incorporation of nanofillers catalyzes the thermal degradation of epoxy, which accords with the DTG result (Figure 5c ). 3.4. Fire Hazards Assessed by Cone Calorimeter. Extensive use of cone calorimeter is the most vital way to measure the flammability properties (including PHRR, THR, SPR, and TSP which are important parameters for evaluating fire hazards of materials) of numerous materials in fire conditions. 29 As shown in Figure 7a , incorporating 2 wt % GNS and MoS 2 into EP generates PHRR decrease to 965 kW/ m 2 and 1076 kW/m 2 , corresponding to a 28.4% and 20.2% reduction compared to that of neat EP, respectively. Furthermore, MoS 2 /GNS/EP composite shows the most reduction in PHRR (approximately a 45.8% reduction) and THR (about a 25.3% reduction) in comparison with pure EP, indicating that MoS 2 and GNS have synergistic reinforcement on reducing PHRR and THR values of epoxy resins. Figure 7c shows MoS 2 , GNS, and MoS 2 /GNS hybrids have an obvious influence on smoke suppression during combustion. It can be observed that the TSR value of pure epoxy resin reaches up to 3246m 2 ·m −2
. As expected, the incorporation of GNS into EP results to a 23.4% reduction in TSR. In the case of MoS 2 /EP composites, the TSR value is also decreased to 2734 m 2 ·m −2 , amounting to an 15.8% reduction in contrast to neat epoxy resin. Moreover, MoS 2 /GNS hybrids show the best smoke suppression on epoxy resin, up to a 30.5% reduction in TSR, probably attributed to that MoS 2 enhances barrier effect of GNS to inhibit mass loss and MoS 2 is oxidized to molybdenum oxide(MoO 3 ) which is an efficient smoke suppression agent. The SPR curves of EP and its composites are shown in Figure 7d . It can clearly be seen that the maximum value of SPR of MoS 2 /GNS/EP is the lowest among all or "char swelling agent" in the condensed phase. When the condensed phase dominates the flame-retardant mechanism, the morphology, structure, and composition of the resultant char determine the efficiency of flame retardance. Hence, surveying the properties, morphology, and structure of the residual char will contribute to comprehend the work principle of flame retardants in the condensed phase. Laser Raman spectroscopy supplies a formidable means for characterizing carbon materials. Raman spectra for the resultant char of EP, GNS/EP, MoS 2 /EP, and MoS 2 /GNS/EP composites after a cone calorimeter test are revealed in Figure  8 . It can be distinctly seen that a D band at 1352 cm −1 and a G band at 1596 cm −1 emerge in the Raman spectra of all the samples. The former is attributed to the activation in the first order scattering process of sp 3 C atoms, while the latter is ascribed to the first-order scattering of the E 2g phonon of sp 2 carbons. 33 The degree of graphitization of the residual char could be computed by the ratio of accumulated intensity of the D and G bands (I D /I G ). As is well-known, the lower the ratio of I D /I G , the higher graphitization degree of the resultant char. 34 The ratio of I D /I G for GNS/EP is lower than that of pure EP, indicating the improvement of the graphitized carbons in the residual char. Furthermore, the incorporation of the MoS 2 / GNS hybrids into EP greatly decreases the ratio of I D /I G in comparison with that of GNS/EP, suggesting that MoS 2 tremendously enhances the function of GNS for facilitating the formation of graphitized carbons. The quality percentage of graphitized carbons of the char is related to compactness and efficiency as to thermal resistance and weight loss insulation, which offers a guardian safeguard that causes a reduce in heat and weight exchange between the fire and the polymer. In order to study the relationship between flame retardant properties and morphology of the residual char, the morphologies of the residual chars gathered after the cone calorimeter test were researched by SEM. As can be observed in Figure 9a , a discontinuous char layer with many large pores appears the SEM images of pure EP. However, incorporating GNS into EP leads to a continuous and compact char layer with few pores, demonstrating GNS immensely improves the compactness of char layer. Moreover, GNS modified with MoS 2 results in a more compact char layer and no pores. The good compactness and continuity of char layer are known to be efficient and beneficial with respect to thermal and mass loss insulation. 35 After a cone calorimeter test, hoary crystals with gloss were observed on the surface of exterior char for MoS 2 /GNS/EP composites. The exterior and interior chars of MoS 2 /GNS/EP composites were more surveyed by XRD analysis. As was shown in Figure. 10a, the diffraction peaks labeled in black belong to the characteristic peaks of MoO 3 , confirming the oxidation of MoS 2 on the surface of GNS. The typical bands at 2θ = 26.1°, 37.0°, and 53.6°are ascribed to the (1̅ 11), (111), and (2̅ 22) diffraction peaks of MoO 2 , which is probably due to reduction of MoO 3 by reducing combustible gas such as hydrocarbons. Figure 10b shows two special peaks of graphite and no existence of featured diffraction peaks of molybdenum oxide, proving that molybdenum oxide can transfer and cumulate on the surface of burnable char. As a result, the presence of MoS 2 not only enhances the thermal oxidative resistance of GNS, which could effectively impede the oxygen infiltration, heat and mass transmission, and the release of combustible gases from the underlying materials during combustion, but also can be oxidized to MoO 3 that can efficiently suppress the production of smoke. 36, 37 4. CONCLUSION In the paper, MoS 2 /GNS hybrids were successfully synthesized and verified by XRD, Raman spectra, and TEM. TGA consequences display that modification of GNS with MoS 2 could improve the thermally oxidative resistance of GNS. The incorporation of 2 wt % MoS 2 /GNS hybrids into epoxy resins led to a remarkable increment in T onset under either air or nitrogen atmosphere, compared to that of neat epoxy.
Furthermore, the PHRR, THR, and TSR values of MoS 2 / GNS/EP composites were obviously decreased by 45.8%, 25.3%, and 30.5%, respectively, contrasted to those of pure epoxy, MoS 2 /EP, and GNS/EP composites, which demonstrated MoS 2 and GNS had a synergistic effect on reducing fire hazards. Moreover, by the analysis of the resultant char of MoS 2 /GNS/EP composite, the noteworthy improvement of the flame retardant and smoke suppression properties is primarily ascribed to two aspects: on the one hand, the addition of MoS 2 /GNS hybrids result in the formation of a compact and insulating char layer to protect the inner polymer matrix from further burning; on the other hand, the formation of molybdenum oxide, a highly efficient smoke suppression agent, can decrease the production of smoke.
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